The transformation of ancestral phenotypes into novel traits is poorly understood for many examples of evolutionary novelty. Ancestrally, salamanders have a biphasic life cycle with an aquatic larval stage, a brief and pronounced metamorphosis, followed by a terrestrial adult stage. Repeatedly during evolution, metamorphic timing has been delayed to exploit growthpermissive environments, resulting in paedomorphic salamanders that retain larval traits as adults. We used thyroid hormone (TH) to rescue metamorphic phenotypes in paedomorphic salamanders and then identified quantitative trait loci (QTL) for life history traits that are associated with amphibian life cycle evolution: metamorphic timing and adult body size. We demonstrate that paedomorphic tiger salamanders (Ambystoma tigrinum complex) carry alleles at three moderate effect QTL (met1-3) that vary in responsiveness to TH and additively affect metamorphic timing. Salamanders that delay metamorphosis attain significantly larger body sizes as adults and met2 explains a significant portion of this variation. Thus, substitution of alleles at TH-responsive loci suggests an adaptive pleiotropic basis for two key life-history traits in amphibians: body size and metamorphic timing. Our study demonstrates a likely pathway for the evolution of novel paedomorphic species from metamorphic ancestors via selection of TH-response alleles that delay metamorphic timing and increase adult body size.
INTRODUCTION
Many amphibians have life cycles with distinct larval and adult phases (Wilbur, 1980) . The transition between phases, or metamorphosis, marks a period of development where larval traits are lost or remodeled and adult traits are gained. The timing of metamorphosis is critical because larval habitats present ecological growth opportunities for attaining body sizes and ages that affect survival and future reproduction in the adult phase. Theories predict that natural selection will favor delayed metamorphosis in growth-permissive habitats to increase adult body size, but early metamorphosis (and smaller body size) in less favorable habitats to reduce mortality risk (Wilbur and Collins, 1973; Gould, 1977; Werner, 1986) . These predictions rest on genetic assumptions that have rarely been investigated in natural species. In general, little is known about the genetic architecture of amphibian life history traits and processes of genetic change that are associated with life cycle evolution.
Ancestrally, tiger salamanders (Shaffer and McKnight, 1996) have a biphasic life cycle with an aquatic larval stage, a brief and pronounced metamorphosis, followed by a terrestrial juvenile and adult stage. However, metamorphosis has been repeatedly altered during evolution, resulting in salamanders that retain larval traits into the adult, breeding stage (Shaffer, 1984; Shaffer and Voss, 1996) . The retention of ancestral larval traits in the adult stage of derived forms is known as paedomorphosis and Ambystoma salamanders are the most widely known example of this important evolutionary phenomenon (Sprules, 1974; Gould, 1977) . Whereas metamorphs are capable of terrestrial dispersal, obligatorily paedomorphic taxa are confined to isolated bodies of water. This suggests that metamorphic ancestors colonized stable aquatic habitats and that permissive ecological conditions selected for paedomorphic life histories. The fitness benefits of paedomorphosis include an earlier time to first reproduction, larger body size, larger clutch size, a higher probability of mating success (Semlitsch et al., 1988; Whiteman, 1994; Krenz and Sever, 1995; Ryan and Semlitsch, 1998) and more than one breeding event per year for some taxa.
Paedomorph expression in the Mexican axolotl (A. mexicanum) is associated with met1, a major effect quantitative trait locus (QTL) that regulates metamorphic timing Shaffer, 1997, 2000; Voss and Smith, 2005) . The met1 alleles from A. mexicanum delay metamorphic timing in comparison with alleles from metamorphic A. tigrinum tigrinum. From these results, Voss and Smith (2005) proposed a quantitative genetic model to explain the evolution of continuous metamorphic-timing phenotypes among tiger salamanders, as well as the origin of discontinuous, paedomorphic phenotypes. In habitats that allow extensions of the larval period, selection favors alleles that delay metamorphic timing because this is expected to increase adult body size, a component of fitness. In very stable aquatic habitats, selection favors alleles that permanently delay or block metamorphosis, allowing populations to capitalize on the reproductive benefits of the paedomorphic life history. Although paedomorphic phenotypes present extreme examples of metamorphic-timing evolution, their origin presumably traces to loci that coordinately regulate metamorphic timing and body size variation within biphasic life cycles.
Here, we present results from physiological and genetic experiments that support and extend Voss and Smith's (2005) model. Paedomorphosis and metamorphosis are associated with thyroid hormone (TH), the primary metamorphic hormone in amphibians and some fish (Laudet, 2011) . During metamorphosis, TH activates transcriptional programs that cause regression of larval traits and development of adult traits. Paedomorphic species evolve via disruption of peripheral and central mechanisms of TH regulation . We used TH to induce ancestral metamorphic life history traits in paedomorphic species to reveal insights about the physiological and genetic basis of metamorphic timing. We show that three paedomorphic and one facultative salamander species complete metamorphosis in response to TH treatment at significantly different times, with the facultative species showing the quickest response and thus highest sensitivity to TH. We then show that met1 and two newly identified QTL (met2, met3) harbor alleles that vary in responsiveness to TH and, as a result, alter metamorphic timing. Salamanders that delay metamorphosis attain larger body sizes as adults and met2 explains a significant portion of this variation. Our results identify tissue response to TH as a genetically variable mechanism underlying a life history trade-off that is well known from ecological studies of amphibians with biphasic life cycles: the dependency of adult body size on metamorphic timing (Wilbur and Collins, 1973; Wilbur, 1980) . Overall, our study supports the idea that paedomorphic tiger salamanders evolve from genetic changes of THresponsive loci that have adaptive pleiotropic effects on metamorphic timing and adult body size.
MATERIALS AND METHODS

Genetic crosses, animal care and TH induction
Eight adult salamanders from each of four paedomorphic species (A. andersoni, A. ordinarium, A. dumerilii and A. mexicanum) were collected under permit of the Mexican Government, and reared and induced with TH to undergo metamorphosis according to standard methods (Page et al., 2008) . At approximately 120 days post fertilization (dpf), metamorphic ambystomatid species initiate metamorphosis and 50 nM T4 reliably induces metamorphosis in laboratory A. mexicanum. The rate and timing of metamorphosis was quantified by measuring gill length; gills are resorbed during metamorphosis. Subsequent to this, a female A. mexicanum/A. andersoni F1 hybrid was crossed to an A. mexicanum to generate approximately 300 AxAn1 offspring. Larvae were reared individually in charcoal-filtered water and fed brine shrimp and California black worms (Lumbriculus variegatus); metamorphs were fed crickets and earthworms. At 90, 120, 300 and 400 dpf, individuals were anesthetized in 0.02% benzocaine and measured for morphometric traits: snout-vent length (distance from the snout to the posterior end of the cloaca), tail length (distance from the posterior end of the cloaca to the tail tip) and body weight. From 120 dpf to metamorphic completion, rearing water contained 2.5 nM (T4; T2376; Sigma, St Louis, MO, USA) (15). Gender was determined by visual inspection of gonads or by cloacal size and shape. Methods for animal care and use were approved by University of California, Davis and University of Kentucky, Institutional Animal Care and Use Committees.
Genetic linkage analysis
Genotypes were obtained using Illumina Golden Gate and primer extension assays (Illumina, San Diego, CA, USA). Primer sequences, diagnostic polymorphisms and polymorphism detection assays are summarized in Supplementary File 1. Marker orders were determined using MultiPoint 2.2 (MultiQTL Ltd., Hafia, Israel) and the Kosambi (Kosambi, 1944 ) mapping function. QTL were identified using R/qtl (Broman et al., 2003) and the imputation method for quantitative traits (Sen and Churchill, 2001) . As linear models showed that sex explained a significant amount of variation for tail length at 300 dpf and body weight at 400 dpf, sex was included as an additive covariate in genome-wide scans for these traits. Genome-wide thresholds for evaluating the significance of QTL was determined from 1000 replicated data sets for each trait (Churchill and Doerge, 1994) . These values ranged from log of odds ratio (LOD) ¼ 2.71-2.83 for probability of a ¼ 0.05.
RESULTS
We collected paedomorphic salamanders from their natural habitats in Mexico, returned them to the lab, generated and reared offspring to 120 dpf, and tested the resulting larvae for metamorphic response to T4 (50 nM). Individuals of all four species resorbed their gills and underwent complete metamorphosis, but metamorphic timing differed significantly among the species (Figure 1) . The shortest time to complete metamorphosis was observed for A. ordinarium, a species that facultatively metamorphoses in nature (Duellman, 1961) . The other three species, A. andersoni, A. dumerilii and A. mexicanum, are obligate paedomorphs in their lacustrine natural habitats; these species responded more slowly to TH. These experiments demonstrate that independently derived paedomorphic species present different rates of TH-induced metamorphosis in a common laboratory setting, and thus genetic variability in TH response.
To further investigate the genetic basis of TH response, we performed crosses to segregate 'paedomorphosis' alleles from two species, A. mexicanum and A. andersoni (Figure 2 ). An F1 female hybrid was crossed to an A. mexicanum male, and the backcross offspring (AxAn1) were reared to 120 dpf and then subjected to a low-dose regime of T4 (2.5 nM) through 300 dpf to examine subtle variation in T4 response. Approximately 85% of the AxAn1 offspring survived and successfully resorbed their gills over a wide range of times (161-306 dpf). Only 1 of 30 control individuals that did not receive T4 metamorphosed naturally, whereas 8 individuals failed to undergo metamorphosis during the experiment. Those that completed metamorphosis included an approximately equivalent number of males , and there were no gender-associated differences in metamorphic timing. However, metamorphic timing affected sexually dimorphic traits typical of naturally metamorphosing, terrestrial adult tiger salamanders (Howard et al., 1997) . Individuals that delayed metamorphosis presented longer tails (a male-specific sign of sexual maturation) at 300 dpf and were heavier at 400 dpf (Figure 3 ). For the range of metamorphic times observed, males and females increased their adult body weight at 400 dpf by approximately 0.12 and 0.14 g, respectively, for each day that the metamorphic timing was delayed. Thus, age at metamorphosis varied inversely with adult morphological traits that are associated with fitness (body weight at a specific age), and the effect was approximately equivalent for dimorphic terrestrial male and female salamanders. The correlations among metamorphic timing and adult fitness traits may be due to the same T4-sensitive loci with pleiotropic effects, or to independent loci. The difference is crucial, as it identifies the potential for these important life-history traits to evolve independently. We therefore created an AxAn1 genetic map by genotyping 185 molecular markers, the majority of which were used previously to map A. mexicanum Â A. tigrinum linkage groups (Voss et al., 2011) . Markers were spaced on average every 20 cM, although marker distribution was dense or sparse for some regions ( Supplementary  File 1) . Genome-wide scans were performed to identify QTL for metamorphic timing, tail length at 300 dpf and body weight at 400 dpf. Three significant LOD peaks were identified for metamorphic timing: two on linkage group (LG) 2 and one on LG7 (Figure 4) . The two QTL from LG2 were separated by 136 cM, with the first marking the position of met1 (ccdc12: 270 cM) and the other identified at the position of nccrp1 near the end of LG2 (met2: 406 cM). The QTL (met3) on LG7 mapped near chmp2b. Altogether, the nearest markers defining these QTL explained 31% of the total variation in metamorphic timing, with A. mexicanum alleles at each locus having roughly equivalent (that is, each explained 10-11% total phenotypic variance) additive effects in delaying metamorphic timing. The met1 allele from A. andersoni decreased average time to metamorphosis by approximately 19 days and thus had the same directional effect as the met1 allele from metamorphic A. t. tigrinum, which decreased timing in mapping families with A. mexicanum on average by 36 days (Voss and Smith, 2005 ). These results demonstrate that met1-3 are differentially responsive to T4 and genetically variable among independently evolved, paedomorphic ambystomatid salamanders.
Significant and maximal LOD scores for snout-vent length at 300 dpf (LOD ¼ 3.05), tail length at 300 dpf (LOD ¼ 3.30) and body weight at 400 dpf (LOD ¼ 2.76) were located to the maximum LOD inflection point of met2 ( Figure 4) ; these were the only significant QTLs identified from whole-genome scans of the large Ambystoma Males presented significantly longer tails than females at 300 dpf (F (1,211) ¼ 91.33, Po0.001) and were significantly heavier at 400 dpf (F (1,213) ¼ 10.47, P ¼ 0.001).
Evolution of paedomorphic salamanders SR Voss et al genetic map, the largest known for any animal (Voss et al., 2011) . The LOD profile for body weight mirrored the metamorphic timing profile at met1, and the LOD score was suggestive but not quite significant (LOD ¼ 2.42, Figure 4 ). Considerable among-individual variation was observed for morphological traits; however, the average effect of met genotypes was additive across loci. For example, metamorphic timing and body size varied positively as a function of the number of A. andersoni alleles that were inherited across met1-3 ( Figure 5 ). On average, triply homozygous females with only A. mexicanum alleles at met1-3 metamorphosed 66 days later than triple heterozygotes (F (1,54) ¼ 89.95, Po0.0001) and this significantly increased average adult body weight at 400 dpa by 12 g or 38% (F (1,61) ¼ 15.09, Po0.0003). Thus, QTL for adult morphological traits map to met2 and possibly met1, and met1-3 alleles additively explain variation in adult morphological traits.
DISCUSSION
Our study investigated the physiological and genetic basis of developmental timing variation in a classic example of evolutionary novelty-the evolution of paedomorphic salamanders (Gould, 1977) . We showed that TH response varies among paedomorphic species and moderate effect TH-responsive QTL segregate allelic variation between A. andersoni and A. mexicanum. Individuals that inherited A. andersoni met1-3 alleles showed a more rapid response to TH on average, and as a result, an earlier time to complete metamorphosis. In turn, individuals that metamorphosed early presented smaller body sizes as adults. In contrast, individuals that inherited A. mexicanum met alleles delayed metamorphosis and attained significantly larger adult body sizes on average. Thus, our results show that substitution of alleles at TH-responsive loci explains variation arising from a classical life history trade-off, the dependency of adult body size variation on timing of metamorphosis. It is well established that environmental factors affect metamorphic timing in amphibian populations and there is an important fitness relationship between metamorphic timing, survival and adult morphology (Wilbur and Collins, 1973; Gould, 1977; Wilbur, 1980; Werner, 1986; Semlitsch et al., 1988; Whiteman, 1994; Ryan and Semlitsch, 1998) . Trade-offs in body size and metamorphic timing arise when metamorphosis is activated at variable times during development. For example, when some species of amphibian larvae are reared under sub-optimal conditions, growth and development are slowed and metamorphosis occurs early. If metamorphosis is activated early, a cost in adult body size is incurred because less time is spent in the rapid growth larval phase, and the energetic cost of metamorphosis may be inversely proportional to body size. When conditions are optimal, larvae metamorphose at larger body sizes, and such individuals reach reproductive maturity at earlier ages. Our results are the first to identify heritable genetic variation for a physiological mechanism-responsiveness to TH-that explains lifehistory trade-offs in an amphibian. Whether met1-3 regulates metamorphic timing variation in response to environmental cues is currently under investigation.
The LOD profiles for met2 and morphology QTL overlapped precisely, and these were the only significant morphology QTLs identified from whole-genome scans of the large Ambystoma genetic map, the largest known for any animal (Voss et al., 2011) . This suggests that metamorphic timing and adult morphology QTL correspond to the same genes, supporting the idea (but not proving) that evolution of paedomorphosis is an example of adaptive pleiotropy. An alternative possibility is physical linkage of different genes. Although additional, independent crosses and larger sample sizes are needed to better establish met1 and met2 as QTLs for adult morphological traits, the results from this study firmly establish met1 as an ambystomatid metamorphic-timing QTL. In previous studies, met1 alleles from domesticated and wild-caught populations of A. mexicanum were shown to affect penetrance for paedomorph expression and delay metamorphic timing when evaluated in the genetic background of a metamorphic species (A. t. tigrinum; Voss and Shaffer, 2000; Voss and Smith, 2005) . Voss and Smith (2005) found that homozygous A. mexicanum met1 genotypes delayed metamorphic timing by 36 days (on average), relative to heterozygous A. mexicanum/A. t. tigrinum genotypes. In the current study, homozygous A. mexicanum met1 genotypes delayed metamorphic timing by 19 days (on average), relative to heterozygous A. mexicanum/A. andersoni genotypes. Thus, metamorphic and paedomorphic species carry met1 alleles that have varying effects on metamorphic timing. Presumably, if a backcross were performed in the A. andersoni direction, it would identify recessive alleles at different QTL than were identified in this study. This is because A. andersoni showed a more delayed response to TH than A. mexicanum (Figure 1) . Our study suggests different genetic architectures for paedomorphosis in different tiger salamander lineages and, perhaps, standing genetic variation for metamorphic timing in natural populations Voss et al., 2003) . All paedomorphic tiger salamanders that have been tested maintain capacity to undergo metamorphosis in response to T4. It is possible that metamorphosis remains operative because paedomorphic tiger salamander lineages are recently evolved and there has not been sufficient time for complete TH resistance to evolve (Marshall et al., 1994) . Our study shows that in addition to the retention of metamorphosis, paedomorphs also retain a life-history trade-off associated with the ancestral, metamorphic life-history strategy. This vestige is likely retained because the same TH-responsive loci are used to regulate developmental timing variation in metamorphic and paedomorphic tiger salamanders. Consistent with endocrine control of metamorphosis and paedomorphosis (Darras and Kuhn, 1983; Galton, 1991; Rosenkilde and Ussing, 1996; Laudet, 2011) , we hypothesize that these loci function centrally in the brain, where information is processed about maturational state, physiological condition, seasonality and environmental quality. TH levels are maintained at low levels during larval development by negative feedback regulation on the hypothalamus and pituitary. At metamorphosis, negative feedback regulation is lifted, TH levels increase and this further increases TH to critical levels that are required to induce peripheral metamorphic changes. Under this model, variation in metamorphic timing is expected to map to loci that regulate basal TH levels and/or alter the sensitivity to TH feedback.
If paedomorphic taxa generally arise by selection for delayed metamorphic timing, then these novel aquatic forms should generally present larger adult body sizes than related metamorphic forms. This hypothesis is supported by our results and also by phylogenetic studies (Wiens and Hoverman, 2008; Bonett et al., 2009) . Indeed, paedomorphic salamanders are almost always much larger than terrestrial forms, with the paedomorphic Giant Chinese salamander (Andrias davidianis, total length 41 m) and US hellbender (Cryptobranchus alleganiensis, total length 470 cm) providing two extreme examples. These and other large paedomorphic species show extreme or complete insensitivity to TH (Laudet, 2011) , thus supporting the idea that paedomorph evolution is associated with allele substitution at TH-responsive loci.
DATA ARCHIVING QTL genotyping data are available via Sal-Site (at http://www. ambystoma.org/downloads/AxAn1genotypes.txt), a public website that archives DNA sequence data, microarray data and comparative mapping data available to the Ambystoma research community.
